Neurolin is a cell surface protein involved in the neural regeneration and neogenesis of the central nervous system of goldÐsh. Its theoretical molecular mass, based on the amino acid sequence translated from the cDNA, is 58 kDa, but in SDS-PAGE it shows an apparent MW of 86 kDa. Neurolin is stated to be a glycoprotein and it contains Ðve potential N-and 96 potential O-glycosylation sites. The complete characterization of the primary structure and initial investigations on the postulated glycosylation of neurolin, immunopuriÐed from goldÐsh brains, are described. The protein was either digested in situ in the sodium dodecyl sulfate polyacrylamide gel matrix or digested after trichloroacetic acid precipitation. Trypsin and endoprotease Glu-C were used as proteases and matrix-assisted laser desorption/ionization mass spectrometry was applied for direct peptide mapping analysis of the proteolytic mixtures. Various sample preparation techniques were performed and the mass spectra were recorded in both positive-and negative-ion modes.
INTRODUCTION
Axons of the central nervous system (CNS) in adult Ðsh are able to regenerate upon injury, unlike the mammalian CNS.1 There are many proteins known to be involved in axonal growth and guidance in the developing nervous system, and to be re-expressed in the adult Ðsh CNS during regeneration.2 Recently, several growth-associated cell surface proteins in the goldÐsh visual system have been identiÐed on growing embryonal axons and found re-expressed on axons in the retina and optic nerve upon optic nerve transection.3h5 Neurolin is stated to be a glycoprotein of this group, has an apparent molecular mass of 86 (M r ) kDa and was originally identiÐed by the monoclonal antibody E21.4 Lectin-binding assays suggested a-2,6-and a-2,3-bound sialic acid and galactose-b(1,3)-Nacetylgalactosamine as carbohydrate epitopes. 4 In embryonic goldÐsh, neurolin is present on all retinal ganglion cells (RGCs) and their axons. In the adult organism, it is absent from mature axons along most of their length, but appears on new and growing axons * Correspondence to : M. Kussmann. derived from the RGCs at the retinal margin. 4 These peripheral RGCs of the adult goldÐsh visual system are constantly added to the annular retinal growth zone throughout the speciesÏ lifetime. 6 The RGC-derived axons cluster into age-related bundles within the optic nerve.2 Furthermore, neurolin turns out to remain on adult RGCs only at intercellular contact sites, and is continuously found in the retinal axon terminal arbor layers of the adult optic tectum in the brain. 4 The reappearance of neurolin and other growthassociated cell surface proteins after optic nerve lesions in the goldÐsh visual system indicates that goldÐsh RGCs are capable of re-expressing molecules required for successful regeneration.2 In particular, the spatially and temporarily patterned expression of neurolin assigns this protein to be involved in RGC di †erentia-tion. 7 In addition to functional and histological investigations of the protein, the cDNA coding for neurolin has recently been isolated and sequenced.8 Sequence homology considerations revealed close relations to the chick cell adhesion molecule (CAM) family DM-GRASP/ BEN/SC-1, and furthermore assign neurolin to be a member of the Ig superfamily.9h11
In this paper, we describe the primary structure characterization of native, immunopuriÐed neurolin. Tryptic and endoprotease Gluc-C digestion were carried out in situ in the neurolin gel band and after trichloroacetic acid (TCA) precipitation of neurolin. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) was applied to direct peptide mixture analysis. MALDI-MS, among other soft ionization/ desorption techniques such as electrospray ionization (ESI), allows the mass determination and molecular characterization of large biomolecules. MALDI-MS predominantly yields singly charged molecular ions of biopolymers, is relatively tolerant towards impurities often associated with biological samples (e.g. salts, detergents) and provides mass accuracies of 0.1% or better. In particular, the recent development of the acceleration mode "delayed extractionÏ (DE) in MALDI time-of-Ñight (TOF) MS has lead to a signiÐcantly increased resolution and sensitivity.12 Moreover, MALDI-MS has especially proved superior for the direct analysis of complex mixtures such as obtained in proteolytic digests. 13 Mass spectrometric peptide mapping involves the digestion of the protein by speciÐc endoproteases and the analysis of the resulting peptide mixture by, e.g., MALDI-MS.14 The comparison of the set of peptide molecular ions obtained with the expected, computerbased digest typically yields a sequence coverage of 70% and frequently even more than 90%. In addition to the characterization of the amino acid sequence, peptide mapping allows the determination of the location and, partially, the structure of post-translational modiÐ-cations, e.g. disulÐde bonds, phosphorylations and glycosylations.
The characterization of protein modiÐcations can be carried out by monitoring the "non-matchingÏ peptides in a proteolytic digest (i.e., those which do not correspond to expected proteolytic fragments) before and after chemical or enzymatic treatment. For instance, speciÐc endo-and exoglycosidases can be applied to a glycoprotein followed by mass spectrometric monitoring of mass shifts of the presumably glycosylated peptides in order to determine location and constitution of a glycan structure. Glycan analysis is of particular interest in the case of neural cell adhesion glycoproteins as neurolin, because glycans play a major role in intercellular contacts and, in particular, in axonal guidance and recognition.15 Furthermore, the comparison of peptide maps before and after DTT reduction can elucidate disulÐde bonds in a protein : the disulÐde-bonded non-matching peptides are found as reduced cysteinyl peptides after reduction. This has recently been demonstrated by conÐrmation of the immunoglobulin G (IgG) loops predicted for the neural cell adhesion protein axonin.16 Figure 1 shows the primary structure of neurolin. It contains 533 amino acids (AAs) and has an of 58 140 M r Da, according to the AA sequence. In sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), it shows an apparent of D 86 kDa under reducing M r and 80 kDa under non-reducing conditions, indicating the presence of a considerable amount of secondary modiÐcation.8 Hydrophobicity plots predicted for neurolin assign it as a membrane protein with a large extracellular domain from AA 1È476, a short hydrophobic transmembrane region of 24 AA and a short hydrophilic cytoplasmic domain from AA 501 to 530. Four Ig Figure 1 . Primary structure of neurolin and sequence coverage achieved by tryptic and endoprotease Glu-C mass spectrometric peptide mapping. The entire sequence could be covered. Doubleunderlined stretches were identified by both tryptic and Glu-C peptide mapping ; non-underlined partial sequences were only found as tryptic peptides. The five potential Asn-Xxx-Ser/Thr glycosylation sites are highlighted in italic bold face. Tryptic and Glu-C cleavage sites identified by corresponding partial peptides are marked in bold face. Neurolin further contains Ðve potential Nglycosylation sites, namely Asn-70, -148, -328, -419 and -443 (highlighted in Fig. 1 , all within the extracellular domain and consensus sequences AsnÈXxxÈSer/Thr) and many potential O-glycosylation positions, i.e. 48 threonine and 48 serine residues. Potential glycosylation could at least partially account for the di †erence of D22È28 kDa between the calculated, sequence-based and the observed in SDS-PAGE. M r M r
EXPERIMENTAL Isolation and puriÐcation of neurolin
Neurolin was isolated and puriÐed as described previously.8 BrieÑy, neurolin was immunopuriÐed with the monoclonal antibody E21 from a pool of proteins, that was solubilized by n-octyl glucopyranoside and stemmed from a fraction enriched in cell surface membranes of adult goldÐsh brains. Approximately 100 lg of protein, dissolved in 50% glycerolÈ50% 100 mM TrisÈHCl (pH 7.5), 1 mM EDTA, 0.1% (v/v) NP-40 (Nonidet P-40, detergent), was used as the starting material for structural characterization.
Protein reduction and alkylation
First, aliquots of 50 lg of the starting material were subjected to size-exclusion chromatography on a Pharmacia Smart System using a Pharmacia Fast Desalting PC 3.2/10 column. The protein was eluted with 2% HOAc at a Ñow rate of 200 ll min~1 and the protein fraction volume was reduced to 50 ll. Aliquots of 5 lg/5 ll were frozen and stored at [20 ¡C and used for reduction and alkylation. To one of those aliquots, 85 ll of alkylation bu †er, containing 500 mM Tris (pH 7.6), 6 M guanidinium hydrochloride and 5 mM EDTA, were added. Then 5 ll of a 1.4 M dithiothreitol (DTT) solution were added and reduction was carried out for 1 h at 37 ¡C. Subsequently, 1 ll of 4-vinylpyridine (VP) was added and the reaction mixture was kept for 10 min at room temperature. Finally, in order to quench the alkylation, another 5 ll of DTT solution (1.4 M) were added. The reaction mixture was then subjected to the same gel Ðltration procedure as described above, the protein fraction was dried and used for subsequent SDS-PAGE or the fraction was frozen prior to TCA precipitation.
Gel electrophoresis
Standard 12.5% SDS-PAGE was carried out using the Laemmli bu †er system. A 5 lg amount of reduced, alkylated and gel-Ðltered neurolin were dissolved in 10 ll of sample denaturation bu †er and heated at 95 ¡C for 3 min prior to loading the gel. A prestained molecular mass marker (14, 21, 31, 43, 66, 94 , 200 kDa ; Bio-Rad) was used to estimate the position of the expected 86 kDa neurolin band. After 1.5 h of electrophoresis at 20 mA, the gel was stained with Coomassie Blue for 20 min and subsequently destained for the same time. Staining and destaining were kept to a minimum, because both cause partial Ðxing of the protein to the gel, a process that should be avoided in the case of subsequent digestion in the gel, as carried out in this study. The 85 kDa band was excised, covered with ultra-high quality (UHQ) water and stored at [20 ¡C. To ensure that the correct band was excised and to check for adjacent protein bands, the gel was further destained for 1 h.
In situ digestion in the gel matrix
Proteolytic digestions in the gel matrix were performed according to the procedure of Rosenfeld et al.17 with certain modiÐcations. First, the excised gel plug was destained for 1 h in 40% acetonitrile (ACN)È60% 50 mM hydrogencarbonate (pH 7.8) in order to remove Coomassie Blue, gel bu †ers, SDS and salts. The plug was subsequently dried in a vacuum centrifuge for 15 min. A 0.5 lg amount of modiÐed trypsin or endoprotease Glu-C (both sequencing grade, BoehringerMannheim) were dissolved in 5 ll of digestion bu †er and deposited on the dried gel plug (enzyme to substrate ratio (E : S) \ (1 : 10)). Within 10 min, the protease solution was sucked up by the plug. An additional 10 ll of digestion bu †er were added and digestion was carried out for 12 h at 37 ¡C. The proteolytic peptide mixture was extracted into 100 ll of 60% ACNÈ40% UHQ water overnight at room temperature. Finally, the gel plug was removed and the peptide solution was dried for subsequent MALDI-MS analysis.
Trichloroacetic acid precipitation
To 5 lg of reduced and alkylated neurolin, dissolved in 10 ll 2% HOAc (directly taken from size-exclusion chromatography), 2 ll of 50% TCA solution were added and the protein was allowed to precipitate for 20 min at 4 ¡C. The solution was then centrifuged at 14 000 rpm for 10 min at 4 ¡C in order to pellet the protein.
TCA was pipetted o † and 500 ll of acetone were added. After vortex mixing and a second centrifugation (14 000 rpm, 5 min, 4 ¡C), the acetone was pipetted o † and the protein pellet was dried in a vacuum centrifuge. This pellet was dissolved in 50 mM hydrogencarbonate (pH 7.8) for proteolytic degradation.
Proteolytic digestion in solution
A 5 lg amount of reduced and alkylated, TCAprecipitated neurolin was dissolved in 5 ll of digestion bu †er (50 mM hydrogencarbonate, pH 7.8). An aliquot of 100 ng of modiÐed trypsin (sequencing grade, Boehringer-Mannheim), dissolved in 1 ll of digestion bu †er was added (E : S \ 1 : 50) and digestion was carried out for 12 h at 37 ¡C. Finally, the solution was dried for subsequent MALDI-MS analysis.
Sample preparation for MALDI-MS
Aliquots of one tenth of the extracted (after in situ digest in the neurolin gel band) or dried (after in-solution digest of TCA-precipitated neurolin) peptide mixture (D5È10 pmol), dissolved in 0.5 ll of 30% ACNÈ70% TFA (2%), were used for MALDI-MS analysis. The following matrices and sample preparation techniques were applied.18,19
4-Hydroxy-a-cyanocinnamic acid (HCCA), sandwich method. A Ðrst HCCA solution was prepared by dissolving the matrix in acetone (20 lg ll~1) and by adding D1% (v/v) of 0.1% triÑuoroacetic acid (TFA), and a second by dissolving it in 70% ACNÈ30% TFA (0.1%) (20 lg ll~1). A 0.5 ll volume of HCCA in acetone was deposited on the target and dried, then 1 ll of 2% TFA, 0.5 ll of sample solution and 0.5 ll of HCCA in 70% ACNÈ30% UHQ water were subsequently added on top of the Ðrst matrix layer and allowed to dry. Optionally, the dried sample could be washed 1È3 times with 10 ll of 0.1% TFA.
HCCA plus nitrocellulose as additive. Equal amounts of nitrocellulose (NC) and HCCA were Ðrst dissolved in acetone (40 lg ll~1) and this solution was then diluted with propan-2-ol to 20 lg ll~1. Again, the Ðnal solution contained D1% (v/v) of 0.1% TFA. Twice, 10 kl of this matrix preparation were applied to the target and spindried. On this layer, 0.5 ll of 2% TFA and 0.5 ll of sample solution were added and allowed to dry without spinning. Finally, 0.5 ll of each of 2% TFA and HCCA in 70% ACNÈ30% UHQ water were deposited and allowed to dry without spinning. Alternatively, when using a multi-sample target, the NCÈHCCA layer was formed on a small piece of Scotch tape (adhesive on both sides) and subsequently washed with 100 ll of 0.1% TFA. The prepared tape was transferred to the target and the following steps were identical with those described above. 2,5-Dihydroxybenzoic acid (DHB) and sinapic acid (SA), drieddroplet method. A 0.5 ll volume of matrix in 70% ACNÈ30% TFA (0.1%) (20 lg ll~1) and 0.5 ll of sample solution were mixed on the target and allowed to air dry or to dry under a gentle stream of argon.
Mass spectrometry
MALDI/TOF-MS was performed on two di †erent instruments, namely a Bruker ReÑex and a PerSeptive Voyager Elite mass spectrometer, the latter being equipped with DE. The Bruker instrument was equipped with the data acquisition and processing software Laser One (by M. Mann and P. Mortensen, EMBL, Heidelberg, Germany). Mass spectra were recorded in linear and reÑector and in positive-and negative-ion modes, with low mass gates set at 500, 1000 and 2000 Da. Instrumental calibration was routinely used on both instruments, and internal calibration with molecular ions of regularly occurring neurolin peptides was additionally performed to consolidate peptide assignments further.
Computational analysis of proteolytic digests
The computer program GPMAW (General Peptide Mass Analysis for Windows, Peter Department HÔjrup, of Molecular Biology, Odense University) was used for computer-assisted comparison of the tryptic and V8-proteolytic peptide mapping data with the expected set of peptides based on the neurolin amino acid sequence according to La ssing et al.8 (see Fig. 1 ).
RESULTS

Protein and peptide sample preparation
The neurolin sample was twice subjected to gel Ðl-tration, namely before and after reduction and alkylation. This was particularly necessary in order to purify the protein from glycerol and detergent in the starting material and from DTT and VP in the reduction/ alkylation mixture. Unfortunately, the reduced and alkylated protein turned out to be resistant to any kind of proteolytic digestion in solution. Neither trypsin, chymotrypsin nor the endoproteases Asp-N and Glu-C yielded a speciÐc digest in acceptable yields. Further puriÐcation prior to digestion by means of reversed-C 4 phase microbore high-performance liquid chromatography was not successful because neurolin could not be recovered after chromatography. This could be due to the poor solubility of neurolin in the loading bu †er (0.1% TFA) or to a too large hydrophobicity of the protein.
Referring to good results in our laboratory with regard to overcoming protease resistance of proteins, SDS-PAGE followed by in situ tryptic or endoprotease Glu-C digestion in the gel matrix were performed. Glycerol and the detergent NP-40, contained in the original neurolin sample and commonly used in the isolation and immunoaffinity puriÐcation of membrane-bound proteins, might still have stuck to the protein and thus shielded it from protease attacks. In SDS-PAGE, SDS is known to replace other detergents on the surface of the applied protein. Furthermore, it can be sufficiently removed afterwards and, thus, SDS-PAGE and in situ digestion are appropriate tools to make a protein amenable to proteolysis. Especially the recently developed combination of in situ digestion of proteins separated by SDS-PAGE with subsequent MALDI-MS peptide mapping has proved superior for fast and sensitive protein identiÐcation and characterization, particularly of complex protein mixtures and of proteolytically inaccessible proteins. Typical sequence coverages of direct MALDI-MS analysis of in situ digests range from 30 to 80% of the protein sequence and thereby allow, in addition to protein identiÐcation, considerable sequence veriÐcation and the partial characterization of posttranslational modiÐcations. 20 In the reducing gel, the neurolin sample showed a single, well deÐned band at D86 kDa and no protein contaminants (data not shown).
As an alternative and complementary approach, in order to make neurolin amenable to proteolysis, the reduced and alkylated protein was precipitated with TCA prior to conventional digestion with trypsin in solution.
Because of the limited amount of sample (see Experimental), the tryptic and V8 proteolytic mixtures were directly subjected to MALDI peptide mapping. With regard to previous studies, 18, 19 in which the protein sequence coverage in peptide mixture analyses is dependent on the choice of matrix and the sample preparation procedure, three di †erent matrices were used in di †erent sample preparation techniques (see Experimental). Especially the combination of the matrix DHB with the delayed extraction acceleration mode, as chosen in this study, has proved efficient for the detection of glycopeptides.
Tryptic peptide mapping Figure 2 shows a MALDI mass spectrum of an in situ tryptic digest of reduced and alkylated neurolin, recorded in the linear positive-ion mode (matrix : HCCA). Almost every signal can be assigned to tryptic peptides predicted from the translated cDNA sequence. The peptides found range from N-terminal (e.g. 31È50), through core (e.g. 199È220) to C-terminal partial sequences (e.g. 502È522). In the case of closely coinciding masses of the tryptic peptides, so that the latter could not be assigned unambiguously based on the mass accuracy of the mass spectrometer, both possible partial sequences are given. In this spectrum, D 60% of the amino acid sequence of neurolin could be covered (see Table 1 ). resolution of mass signals above m/z 2500 and still provides good sensitivity. In general, monoisotopic mass determinations yield higher mass accuracies (0.01% or better) and, therefore, more deÐnite peptide assignments than average mass determinations as obtained in the linear mode (0.1È0.01% mass accuracy). The peptides found in the reÑector mode spectrum (Fig. 3(a) ) cover partial sequences from the N-and Cterminal and also the central part of neurolin, and almost every signiÐcant mass signal could be assigned (see Table 1 ). In order to illustrate the accuracy of the mass determination, the found and calculated peptide masses are also given. In the enlargement of the spectrum of Fig. 3(b) , the monoisotopic resolution of two signals in the 2. MALDI sample preparation. Using the sandwich method, this can be kept to a minimum during MALDI sample preparation but it cannot be completely avoided.18 Often, as in this case, methionine oxidation can be of further assistance in the identiÐcation of peptides. Figure 4 shows the negative-ion MALDI mass spectrum of the same tryptic digest as described above (linear mode, DE, HCCA as matrix). All peptides identiÐed in this spectrum could also be detected as positive ions (see Table 1 ). Again, in the case of closely coinciding masses of the tryptic peptides and ambiguities in terms of peptide assignments, both possible partial sequences are given. However, when using DHB, SA or HCCA plus NC as alternative matrices and di †erent sample preparation techniques than the sandwich method, a few peptides turned out to be exclusively detectable in the negative-ion mode : T7È8 (47È62), T14È15 (108È115), T33È35 (261È283), T34 (267È276), T38 (316È327), T65È67 (514È530) and T67È68 (524È 533). T38, T65È67 and T67È68 represent acidic partial peptides with an excess of glutamic or aspartic acid vs. the basic lysine or arginine residues, a fact that can explain the preferred formation of negative ions. By contrast, the other peptides mentioned have a balanced amount of acidic and basic residues so that the reasons for their exclusive yield of negative ions seem to be more complex.
Compared with the previous positive-ion spectra, there further appear more "mismatches,Ï i.e. ions, that do not correspond to tryptic peptides. They are due to modiÐed peptides (not further analyzed) rather than to unspeciÐc cleavages by trypsin, because this protease is generally very speciÐc. Figure 5 shows the mass spectrum of a tryptic digest of neurolin in solution after TCA precipitation of the reduced and alkylated protein (linear positive-ion mode, DE, HCCA as matrix). As in previous Ðgures, in the case of closely coinciding peptide masses and ambiguous peptide assignments, both possible partial sequences are given. Complementary to tryptic peptide maps derived from in-gel digests of neurolin, this spectrum also shows peptides in the high mass range (m/ z [ 5000) that are due to non-quantitative cleavages by trypsin and contain two or more uncleaved ArgÈXxx and LysÈXxx positions. However, the large proteolytic fragments could also be assigned, and a large part of the neurolin primary structure could be veriÐed (D74%, see Table 1 ). In general, peptide maps of tryptic digests of TCA-precipitated neurolin showed fewer speciÐc cleavages in the lower peptide mass range (m/z \ 3000) and more non-quantitatively cleaved peptides compared with digestions in the gel matrix. The latter observation could on the one hand be attributed to the extraction process subsequent to the in-gel digest, which might not yield the very large peptides, whereas these can be recovered after an in-solution digest of TCAprecipitated neurolin. Another reason might be the different "protein preparationsÏ for the subsequent digest, i.e. that neurolin is less denaturated after TCA precipitation that it is after a gel electrophoretic procedure, so that, in the Ðrst case, fewer tryptic cleavage sites are accessible, leading to a less quantitative digestion and larger proteolytic fragments. The last conclusion turned out to be more likely because, in contrast to the tryptic degradation, the in-gel V8-proteolytic digest yielded fragments in the very high mass range (see below), meaning that the lack of high-mass peptides after tryptic in gel digestion is not likely to be due to losses during the peptide extraction process. Table 1 shows an extract of the MALDI peptide mapping data of reduced and alkylated neurolin, obtained both from in situ tryptic digestion in the gel matrix and from in-solution digestion after TCA precipitation. The table encompasses the results obtained by (i) di †erent sample preparations (i.e. the sandwich method with HCCA as matrix, the nitrocellulose variant of the sandwichÈHCCA technique and the drieddroplet method with SA and DHB as matrices) and (ii) by di †erent mass spectrometric modes (i.e. linear mode, reÑector mode, positive-and negative-ion modes, each of them with and without delayed extraction).
The mass accuracy is better than 0.05% and for peptides below 4000 Da the mass deviation is between 0.7 and 0.01 Da. There are two partial peptides, namely T37È44 (313È352) and T49È53 (392È431), whose found MH`ions show a positive mass deviation and which further contain potential N-glycosylation sites, i.e. N328 and N419, respectively. This is of particular interest, since a potential cleavage of an N-glycan during the neurolin puriÐcation or sample preparation process, causing a conversion of the N-carboxamido-into an Ncarboxyl group, accounts for a ]1 Da mass increment. The observed increased masses of these two peptides may therefore indicate a possible glycosylation site (see Discussion).
Tryptic peptide mapping yielded 100% sequence coverage of neurolin, a result that is illustrated in Fig. 1 , where double-underlined partial sequences were covered by both trypsin and endoprotease Glu-C and non-underlined stretches were identiÐed only by tryptic peptide mapping. Every part of the neurolin primary structure was covered at least twice by overlaps of quantitatively cleaved smaller tryptic peptides and larger fragments harboring several adjacent tryptic peptides.
Peptide mapping with endoprotease Glu-C
In congruence with previous studies, endoprotease Glu-C (V8-protease) turned out to cleave less speciÐ-cally in the gel matrix than trypsin does. However, V8-proteolytic peptide mapping could be used for conÐrmation of the partial sequences already found as tryptic peptides. Figure 6 shows the high mass range of a MALDI mass spectrum of an in-gel V8-proteolytic digest of neurolin (linear positive-ion mode, DE, HCCA as matrix). Most of the molecular ions could be assigned to endoprotease Glu-C peptides, covering D74% of the neurolin primary structure. In the case of closely coin- ciding peptide masses and ambiguous peptide assignments, both possible partial sequences are given. As mentioned above, the in-gel endoprotease Glu-C digestion yielded more of the larger fragments (corresponding to non-quantitative cleavage) compared with the analogous degradation with trypsin. In particular, C-terminal and core-derived peptides of neurolin are predominant, including the long C-terminal sequence 457È533. Table 2 gives an extract of the MALDI peptide mapping data of reduced and alkylated neurolin, obtained from in situ endoprotease Glu-C digestion in the gel matrix. It includes the results obtained by di †er-ent sample preparations, i.e. the sandwich method with HCCA as matrix, the nitrocellulose variant of the sandwich HCCA technique and the dried-droplet method with DHB as matrix. The mass accuracy is better than 0.06%.
The V8-proteolytic sequence veriÐcation covers 93% of the entire primary structure and is shown in Fig. 1 . As it is valid for tryptic peptide mapping, every neurolin partial sequence covered by V8-protease could be iden- In situ tryptic digests of unreduced neurolin were performed in the gel matrix. These digests revealed signiÐcantly less speciÐc cleavages than those of the reduced and alkylated protein and no molecular ions could be assigned to disulÐde-linked tryptic peptides. The DTT reduction of this tryptic peptide mixture did not yield reduced cysteinyl peptides, possibly originating from cysteinyl peptides, and it did not reproduce the data of the tryptic digest of reduced and alkylated neurolin. These negative results can be partially explained by the predicted Ig superfamily loop structure, which may signiÐcantly reduce the accessibility of the native protein to endoproteases compared with the reduced, alkylated and unfolded protein.
In order to obtain further information on the postulated neurolin glycosylation directly from peptide mixture analyses, PNGaseF was used to speciÐcally remove possible N-glycans. Those tryptic peptides that show molecular ions exclusively after PNGaseF treatment can be assumed to be N-glycosylated. Neurolin was treated with PNGaseF in the gel plug20 and subsequently digested with trypsin (E : S B 1 : 10) and, alternatively, we attempted to apply PNGaseF to the extracted peptide mixture of a tryptic in-gel digestion. 21 Owing to the limited amount of sample, these two experiments could only be carried out with a few micrograms of neurolin and, therefore, MALDI-MS analyses of the PNGaseF-treated peptide mixtures revealed a poor signal-to-noise ratio and did not permit the identiÐcation of N-glycosylation sites.
To elucidate further the divergence between in-gel observed and real protein mass, we attempted to determine the of neurolin directly by MALDI-MS. M r Despite the application of di †erent matrices and sample preparation techniques, there were no molecular ions between 50 and 100 kDa or in the low molecular mass range detectable. This can be partially explained by the often observed difficulty of obtaining molecular ions of glycoproteins because of their pronounced heterogeneity.
DISCUSSION
The Ðrst aim of this study was to characterize the primary structure of neurolin isolated from goldÐsh brains and to establish the protein sequence identity with the translated cDNA sequence published previously.8 This was achieved. The second task was the determination of the location and, partially, of the structure of postulated post-translational modiÐcations, in particular glycosylations. The preliminary results in the latter context revealed none of the 101 putative glycosylation sites as being fully glycosylated.
As can be seen in Tables 1 and 2 , by far the most peptides could be detected with HCCA as the matrix, either used in the sandwich sample preparation or in the spin-dry variant with nitrocellulose as additive. This is in congruence with the experience that HCCA often yields the broadest protein sequence coverage in MALDI-MS peptide mixture analyses.19 Nevertheless, especially the tryptic peptide mapping results (Table 1) exhibit complementary data obtained with the matrices SA and DHB. In particular, several negatively charged and some of the very large peptide molecular ions were exclusively detected in dried-droplet sample preparations with DHB and/or SA as the matrices.
According to previous immunohistological data4 and to SDS-PAGE analysis, neurolin is stated to be a glycoprotein. Lectin-binding assays suggested a-2,6-and a-2, 3-bound sialic acid, and galactose-b(1,3)-N-acetylgalactosamine as carbohydrate epitopes.4 By contrast, the MALDI-MS Ðnding of a 100% sequence coverage by tryptic and V8-proteolytic peptide mapping proves that every partial peptide exists in a non-glycosylated form. As a consequence, none of the 101 potential glycosylation sites, i.e. Ðve AsnÈXxxÈSer/Thr consensus sequences (Asn-70, -149, -328, -419 and -443), 48 serine and 48 threonine residues, is quantitatively glycosylated. Instead, neurolin is likely to be partially and heterogeneously glycosylated. Heterogeneous glycosylation is contradicted by the Ðnding of one well deÐned protein band in the SDS-PAGE analysis of neurolin showing an of D 86 kDa in the reducing gel (AA sequence-M r based kDa), rather suggesting extensive and M r \ 58 homogeneous modiÐcation of the protein.
However, the detection of a molecular ion of an unmodiÐed peptide in a mixture analysis does not exclude partial modiÐcation of the same species, i.e. the existence of the same peptide in the modiÐed form, which possibly does not show a molecular ion owing to suppression e †ects. This is especially valid for glycosylated peptides that in general reveal a wide distribution of molecular ions due to their high degree of heterogeneity, which Ðnally results in low ion abundances for one homogeneous species.21 On the other hand, it has recently been shown that N-and O-glycosidic bonds are hardly susceptible to fragmentation in MALDI, meaning that a complex molecular ion pattern of a glycopeptide reÑects its actual heterogeneity.21 Furthermore, according to our experience, glycan losses during protein sample preparation prior to MALDI-MS analysis are unlikely.
Nevertheless, there have been hitherto a few MS results accounting for neurolin glycosylation. First, as already mentioned in the discussion of the data in Table  1 , there are two partial peptides, namely T37È44 (313È 352) and T49È53 (392È431), whose found MH`ions show a positive mass deviation and which further contain potential N-glycosylation sites, i.e. N328 and N419, respectively. This can indicate a potential loss of a glycan, since a cleavage of an N-glycan during the neurolin puriÐcation or sample preparation process (although unlikely), encompassing a conversion of the N-carboxamido-into an N-carboxyl group, would account for a ] 1 Da mass increment. The found increased masses of these two peptides can therefore suggest glycosylation sites.
Second, with regard to the sequence coverage of both endoproteases, there is one of those partial sequences (i.e. 142È154) only identiÐed by tryptic, but not by V8-proteolytic peptide mapping, that contains a potential N-glycosylation site, namely N148. According to the MALDI-MS data N148, N328 and N419 therefore remain the more likely candidates for N-glycosylation.
Moreover, the other partial sequence that could not be covered by V8-proteolytic peptide mapping, i.e. 245È 265, harbours one potential O-glycosylation site, i.e. S251, suggesting this serine residue to be a more probable candidate for O-glycosylation than the remaining 47 serine and 48 threonine residues.
Appropriate tools to pursue further the characterization of the neurolin glycosylation are the carbohydrate analysis and the HPLC separation of the proteolytic digests prior to MS investigation. The carbohydrate analysis would yield the composition of the glycans, whereas the chromatographic separation would allow the isolation and separate characterization of the putative glycopeptides. Furthermore, the application of neuraminidase (sialidase) Ðrst to remove the suggested terminal sialic acids from the glycans is an alternative enzymatic approach to tackle the glycan structure elucidation. These experiments will be the subject of future studies but could not be performed hitherto, owing to the limited amount of neurolin sample.
CONCLUSIONS
The complete primary structure of neurolin, isolated from adult goldÐsh brains, has been characterized and the identity with the cDNA sequence published previously8 has been established. According to the peptide mapping data presented in this study, none of the 101 potential glycosylation sites is quantitatively glycosylated. The considerable di †erence between the apparent of 80È86 kDa in SDS-PAGE and 58 kDa M r based on the neurolin primary structure could not be explained in terms of extensive secondary modiÐcations. However, the divergence between in-gel observed and real protein mass has been observed with other proteins.22
